1. Introduction {#sec1}
===============

Cerebellar ataxias (CAs) are a group of heterogeneous disorders clinically characterized by lack of motor coordination \[[@r1], [@r2]\]. CAs can be caused by acute structural cerebellar damage or by progressive cerebellar degeneration linked to an underlining genetic/metabolic disorder. Structural cerebellar damage caused by ischemia, hemorrhage, toxic diseases, immune-mediated damage has usually acute onset, and interventions aimed to remove or reduce the causative hit are able to stabilize the clinical course of ataxia \[[@r3]\].

CAs, due to genetic alterations, also referred as primary CAs (PCAs), are usually progressive neurodegenerative disorders with increased disability along the disease course.  Because PCAs usually affect young adults and impair motor and cognitive function, the impact on quality of life is substantial.

Primary CAs are very heterogeneous in clinical presentation, disease progression, and pathophysiology. Because of the variegate mechanisms behind cerebellar degeneration, up to date no definite disease modifying therapies are available \[[@r4]\]. The main therapeutic strategies are based on rehabilitation and symptomatic approaches. Considering that cerebellar degeneration recognizes many primary causes, one reasonable approach would be to identify a recurrent pathway of cellular degeneration and develop drugs able to interfere with it. This strategy partially justifies the interest of anti-oxidant (AO) therapy in cerebellar ataxias. Oxidative stress, indeed, has been demonstrated in neurodegenerative disorders \[[@r5], [@r6]\] and in many forms of PCAs. The link between CAs and oxidative stress is also corroborated by the observation that genetic deficiency of natural cell antioxidants leads to phenotypes dominated by cerebellar ataxia (*e.g*. Vitamin E deficiency). The reason why cerebellum is more sensitive to oxidative stress and/or why there is more oxidative stress in cerebellum is still not completely understood but it is well known that Purkinje cells, the functional relay neurons of the cerebellar cortex, are one of the most energy-demanding cells of the organism \[[@r7]\].

Here, we will briefly review the main players in the oxidative stress cascade/response and the characteristics of the major antioxidant used in cerebellar ataxias (Fig. **[1](#F1){ref-type="fig"}**). We will subsequently describe the different forms of cerebellar ataxias where AO have been used as a therapeutic approach.

2. Free radicals and Oxidative stress {#sec2}
=====================================

The production of free radicals is a known toxic property of partially reduced oxygen molecules. Free radicals derive from oxygen, hence Reactive Oxygen Species (ROS), and from nitrogen, Reactive Nitrogen Species (RNS). ROS are produced mostly in the mitochondria, and arise from the addition of electrons directly from the electron transport chain to O~2~ leading to the formation of Superoxide (O~2~^•^) \[[@r8], [@r9]\]. In mitochondria, substrates (*e.g*. glucose, fatty acid) are oxidized to produce ATP from ADP and inorganic phosphate \[[@r7], [@r10]\]. The final pathway of ATP production is located in the inner mitochondrial membrane (IMM) and is operated by four enzymatic complexes (complex I, II, III, IV) that shuttle electrons from substrates to oxygen molecule (O~2~) to form H~2~O. This electron flux is responsible for the generation of a proton gradient in the inner mitochondrial space that will be eventually used by complex V (ATP synthase) to synthetize ATP. However, this mechanism is not 100% efficient, and 1-5% of electrons interact directly with oxygen, producing reactive oxygen species (ROS) as a by-product of ATP production \[[@r11], [@r12]\].

The interaction between O~2~^•^ and other molecules generates secondary reactive species causing a cascade of oxidation events. Another important player in the ROS cascade is hydroxyl radical (^●^OH) \[[@r9], [@r13]\]. To better understand the production of ^●^OH we have to introduce the role of iron. Iron "handling", in fact, is strictly controlled inside the cell and intracellular iron is always linked to proteins \[[@r14]\]. Excess in O~2~^•^, however, is able to induce a release of iron from its carrier proteins; free iron participates then in the Fenton reaction generating ^●^OH from H~2~O~2~ \[[@r15]\]. As we move into the description of the disorders we will better underline this mechanism in Friederich ataxia (FA). The peroxyl radical (ROO^●^), another deleterious ROS, is the *primum movens* in oxidation of fatty acids \[[@r16]\]. Another, often overlooked, free radical family is composed by the Reactive Nitrogen Species (RNS) \[[@r17]\]. Nitric oxide (NO^●^) is the main RNS. It is produced by specific synthetases and act as a biological signal. Overproduction of NO^●^ causes uncontrolled nitrosylation reactions and secondary proteins structure alterations \[[@r18]\]. In some conditions, the simultaneous production of ROS and RNS can generate a highly oxidative molecule, peroxynitrite anion, which is able to damage DNA and lipids. At high concentrations, ROS and RNS react with purines, pyrimidines and even with the deoxyribose backbone. The most extensive studied DNA damage is the formation of 8-OH-Guanosine, which represents the first step of mutagenesis and carcinogenesis pathway. Interaction with lipids can form toxic aldehydes (*e.g*. malondialdehyde and 4-hydroxy-2-nonenal) that also present mutagenic capacities. Some aminoacids, especially cysteine and methionine, are susceptible to structural changes when exposed to ROS/RNS.

For many years the ROS/RNS production has been considered just as an inconvenient side effect of energy metabolism. However, it has emerged that small concentrations of ROS/RNS have a role in signaling, molecular biosynthesis, and detoxification reactions \[[@r19]\]. In summary, how do we define oxidative stress in the light of this dual behavior? Before the discovery of a physiological role of ROS, oxidative stress was simply defined as an imbalance between oxidative species and anti-oxidant mechanisms. This definition can be applied to diseases where natural cell antioxidants (Coenzyme Q~10~, Vitamin E) are deficient and where the addition of the defective molecule to the system is able to rescue the damage. Nevertheless, in many other conditions the ROS/RNS damage cannot be simply restored by the use of antioxidants and this can be partially explained by the more complex role of ROS as signal molecules of the energy state of the cell. Nonetheless, the description of these mechanisms goes beyond the scope of our review, and will not be discussed further.

3. Main families of antioxidants compounds {#sec3}
==========================================

3.1. Coenzyme Q~10~ and its Analogs {#sec3.1}
-----------------------------------

Coenzyme Q (CoQ) is a polyprenyl quinone present in all cell membranes; it is also called ubiquinone or ubidecarenone, because of its widespread presence in living organisms \[[@r20]\]. The structure of CoQ consists of a "head", the benzoquinone ring, and a "tail" made of several isoprenyl residues. The most abundant ubiquinone in humans has 10 isoprenyl residues, and therefore is called CoQ~10~ \[[@r21]\]. CoQ~10~ is a highly lipophilic compound present in mitochondria where it functions as an electrons transporter within the IMM \[[@r22], [@r23]\]. Moreover, CoQ~10~ is able to cycle from an oxidized to a reduced form, thus playing an important role both as a direct antioxidant, buffering free electrons, and in restoring other cellular antioxidants, in particular, vitamin C and vitamin E. CoQ~10~ is synthetized de novo in the IMM by a multi-enzymatic complex. Defects in CoQ~10~ synthesis are rare and usually lead to severe multisystem disorders. Cerebellar ataxia is the most common symptoms in primary CoQ~10~ deficiency (*e.g*. *ADCK3* mutations) \[[@r24]\]. Moreover, the link between cerebellar degeneration and CoQ~10~ has been strengthened by the evidence of a secondary reduction of this compound in tissues from patients with other forms of ataxias (*e.g*. Apraxia with Oculomotor apraxia type 1, Anoctamin 10 mutations, Multi Systemic Atrophy) \[[@r25]-[@r28]\]. In line with these evidences, it is not surprising that CoQ~10~ has been largely used as treatment in many disorders with the aim of reducing oxidative stress and restoring energy production. CoQ~10~ has been proven safe in humans even at high doses (up to 3600 mg/day) \[[@r29]\], but the recommended dose is 2400 mg daily in adult and up to 30 mg/kg daily in pediatric patients \[[@r30]\]. CoQ~10~ should be taken with fat rich food and in multiple doses during the day to optimize the absorption. Unfortunately, CoQ~10~ has many chemical and physical characteristics that importantly reduce its bioavailability. In pharmaceutical preparation, CoQ~10~ is sensitive to air, ultraviolet light and high temperature \[[@r31]\]; moreover, it is poorly absorbed because of its low solubility in water \[[@r20]\]. CoQ~10~ is also difficult to deliver to the mitochondria, the primary site of its biological actions, because of the high molecular weight and the high affinity for membrane lipids, leading to a low perfusion within the biological membrane (*e.g*. blood brain barrier) and within sub-cellular compartments \[[@r32]\]. For this reason many efforts have been made to develop compounds that share the same biologic features of CoQ~10~ but with improved bioavailability.

Idebenone has been synthetized for the first time in Japan in 1984 \[[@r33]\]. It is one of many CoQ~10~ analogues with a modified tail in order to achieve a better bioavailability, especially in nervous tissues \[[@r34]\]. It has a predicted antioxidant activity being able to detoxify many free radicals included the dreaded peroxynitrites \[[@r35]\]. Idebenone crosses the blood-brain barrier following oral administration and is well tolerated in humans even at high dosages (1000-2000 mg), with a linear pharmacokinetics \[[@r36]\]. Although it appears as the perfect antioxidant drug, the results of clinical trials in humans did not show striking efficacy data. The disease where idebenone has been extensively studied is Friederich ataxia and we will cover this in details later. Many patients with other oxidative stress related neurodegenerative disorders (*e.g*. Alzheimer disease, Huntington disease, *etc*.) have been given idebenone without obtaining clear long term effects on the disease course \[[@r37]\]. Idebenone has been also studied in  mitochondrial diseases as Mitochondrial Lactic Acidosis  and Stroke-like Episodes (MELAS) and it is now under investigation in Duchenne muscular dystrophy \[[@r37]\]. Efficacy of idebenone as disease modifying therapy has been  demonstrated in a subgroup of patients with Leber Hereditary Optic Neuropathy (LHON) \[[@r38]-[@r40]\]. Considering its biochemical structure, it is reasonable to think that idebenone is able to substitute CoQ~10~ in shuttling electrons from Complex I and II to complex III of the respiratory chain, but many experimental data excluded this hypothesis \[[@r41]\]. It has also been demonstrated *in vitro* that idebenone can act as pro-oxidant by binding a non-physiological site of Complex I, competing with CoQ~10~ and generating O~2~^•^ \[[@r42]\]. This apparently contradicting function can explain the non-clear efficacy of idebenone in clinical trials. Recent studies have demonstrated that idebenone is reduced to idebenol that exerts antioxidant activity. This process is catalyzed by an inducible enzyme present in cytoplasm, NQO1 (NAD(P)H: quinone acceptor oxidoreductase 1). Interestingly, NQO1 is highly expressed in glial cells but not in normal neurons, and its expression increases in conditions of increased oxidative stress. The identification of NQO1 opens the way to the investigation of combination therapies of idebenone and drugs that increase NQO1 through the up regulation of the oxidative stress pathway \[[@r43]\]. These compounds (*e.g*. carnosic acid, NEPPs) may be used in the future as efficient combined antioxidant approaches.

The most recent CoQ~10~ analogs are A0001 (α-tocopherylquinone) and EPI-743. A0001 is a molecule that shares structural similarities with CoQ~10~, but differs for the chemical substituents of the benzoquinone ring. As a consequence, A0001 should present a more favorable redox potential than CoQ~10~. A0001 is expected to mitigate oxidative stress and lipid peroxidation, and to facilitate electron transfer in respiratory chain defects. A0001 is present in very low levels in the blood of mammals \[[@r44]\]. Although A0001 can be produced by metabolism of vitamin E, studies using labeled metabolites demonstrated that A0001 is synthetized de novo from tyrosine and mevalonic acid \[[@r45]\]. A0001 was well tolerated at high dosage (up to 6 gr), except for a prolongation of coagulation time, and exhibited a good pharmacokinetic profile \[[@r46]\]. A0001 has been used in FA (see specific FA section) \[[@r47]\]. EPI-743 has recently replaced A0001 in clinical trials \[[@r48]\]. EPI-743 has been developed from a series of para-benzoquinone analogs that differ in the quinone ring and the structure of the lipid chain \[[@r49]\]. EPI-743 has a more powerful redox potential than CoQ~10~ thus better scavenging oxidative stress. EPI-743 has been used in different small mitochondrial diseases trials with preliminary positive results \[[@r50], [@r51]\]; interesting data suggest an *in vivo* effect of EPI-743 in reducing oxidative stress biomarkers (SPECT with HMPAO) in cerebellum of patients with mitochondrial diseases \[[@r50]\].

3.2. MitoQ {#sec3.2}
----------

Since one of the drawbacks of antioxidant drugs is delivering these exogenous compounds into the areas where ROS/RNS are produced the most, the inner mitochondrial membrane several studies have been focused on modifying molecules in order to make them concentrate following the proton gradient on IMM \[[@r52], [@r53]\]. By adding a triphenylphosphonium lipophilic cation (TPP), it is possible to increase the membrane passage of therapeutic molecules and to accumulate them in the mitochondrial matrix in response to the membrane potential \[[@r54]\]. MitoQ is a ubiquinone linked to a TPP \[[@r55]\]. MitoQ, as well as CoQ~10~, is able to cycle from a reduced, ubiquinol, to an oxidized, ubiquinone state thus functioning as ROS/RNS scavengers \[[@r56]\]. In addition, MitoQ is able to easily penetrates into the IMM \[[@r57]\]. Several studies conducted on animal models of human diseases have proven MitoQ safe and effective in reducing oxidative stress \[[@r54]\]. Clinical trials conducted in patients affected by Parkinson Disease (PD) demonstrated that MitoQ could be safely administered in humans \[[@r58]\].

3.3. Vitamin E {#sec3.3}
--------------

The term vitamin E (VitE) refers to many different fat-soluble compounds belonging to the family of tocopherols and tocotrienols \[[@r59]\]. They are synthetized in plants, and they are present in many seed oils, green vegetables, nuts, dairy products, meat and fish \[[@r60]\]. VitE is an essential nutrient that functions as anti-oxidant principally against the formation of lipid peroxyl radicals \[[@r61]\]. Adequate levels of VitE are essential for normal human cells functioning but it is in central nervous system that VitE plays its major role \[[@r62]\]. VitE is taken up by tissues *via* a specific transporter (tocopherol transfer protein, TTP). Molecular defects in this transporter lead to ataxia with vitamin E deficiency (AVED) \[[@r63]\]. VitE is able to cross the blood-brain barrier \[[@r64]\], but a consensus on its bioavailability after oral intake is still missing (values range from 10% to 79%) \[[@r65]\].

VitE is crucial for neuron physiology and some experimental data demonstrate the ability of neural cells to store vitamin E in membrane compartments \[[@r66], [@r67]\]. As for idebenone, the complete range of VitE functions is not completely uncovered. There is vast evidence that demonstrates the role of vitamin E in preventing oxidative stress, mainly in mitochondria of high oxygen consuming tissues as brain \[[@r6]\] and retina \[[@r68]\]. In recent years, novel functions of α-tocopherol have been discovered, and VitE seems to be involved in signaling cascades and gene regulation. Many of these functions occur in the nervous system \[[@r62]\]. Considering the importance of VitE for nervous system and its anti-oxidant action, supplementation with this compound has been attempted in many disorders including Alzheimer disease (AD), Parkinson diseases (PD), Down syndrome \[[@r62]\], and Amyotrophic Lateral Sclerosis (ALS) \[[@r69]\]. In neurologic disorders where VitE is specifically reduced (AVED and abetalipoproteinemia), the supplementation is able to strikingly ameliorate the phenotype \[[@r70]\]. As far as safety is concerned, VitE is one of the least toxic vitamins. Care should be applied when using high doses of VitE in patients with coagulation disorders, since it could alter absorption of other fat-soluble vitamins (vitamin A, D and K). High intakes of VitE, if not correctly balanced by other antioxidant systems (*e.g*. vitamin C) could also have a pro-oxidant effect \[[@r71]\].

3.4. N-AcetylCysteine {#sec3.4}
---------------------

N-AcetylCysteine (NAC) is a well-known drug used as a safe mucolytic \[[@r72]\] and as an antidote in acetaminophen overdose \[[@r73]\]. In the context of this review, NAC will be discussed for the strong anti-oxidant action that makes it an appealing drug for the treatment of some cerebellar disorders. NAC is a cysteine precursor that differs from cysteine, as it is membrane permeable and does not require any transporter \[[@r74]\]. The anti-oxidant effect of NAC is achieved by providing cysteine to glutathione (GSH).

GSH is synthesized in the cell by two enzymes, glutamylcysteine synthetase and GSH synthetase. Cysteine is usually the limiting precursor that regulates GSH synthesis \[[@r75]\]. GSH works as a free radicals scavenger, representing a major component of the oxidative stress regulating system \[[@r76]\]. Unfortunately, NAC has low bioavailability in tissues due, primarily, to its low lipophilicity. The blood brain barrier (BBB) permeability of NAC is disputed, and it appears that different administration routes can give different results in allowinging NAC into the nervous system; for example, in an experimental animal model, the intravenous injection of NAC achieved a good BBB permeability, while the intra-peritoneal injection did not \[[@r74]\]. NAC is generally safe and well tolerated even at high doses; frequent side effects are gastrointestinal (nausea, vomiting, and diarrhea), or allergic reactions after intravenous injection. Particular precautions should be used in patients with heart diseases since NAC can increase the efficacy of nitrates. The use of NAC has been investigated in patients with AD, PD, Huntignton diseases, Down syndrome, and ALS with promising but not definite results \[[@r74]\]. Despite the interesting properties and the encouraging experimental results, clinical data on the use of NAC in cerebellar ataxias are based mainly on anecdotal reports. NAC has been used in patients with Friederich ataxia, Ataxia-Teleangectasia, and Multiple System Atrophy and has shown some clinical benefits. Details of NAC use in ataxic disorders will be discussed in the disease specific sub-chapters. New modified forms of NAC are currently under investigation: N-acetylcysteine ethyl ester (NACET) \[[@r77]\] and N-acetylcysteine amide (NACA) \[[@r78]\]. They should overcome the low bioavailability of NAC increasing the amount of cysteine reaching brain tissues thus showing a higher anti-oxidant effect in the target tissues \[[@r79]\].

3.5. Modified Fatty Acids {#sec3.5}
-------------------------

This group of compounds represents a quite new strategy and a promising weapon against lipid oxidative stress. We already described the role of ROS/RNS in oxidizing membranes lipids. Lipid-peroxidation represents a crucial step in ROS/RNS cell damage. Oxidized lipids can initiate a cascade of reactions that leads to irreversible cell damage and apoptosis \[[@r80]\]. Notably, brain tissue is rich in fatty acid and therefore more prone to lipid-peroxidation \[[@r81]\]. Moreover, mitochondrial membrane contains cardiolipin, a phospholipid that, when oxidized, triggers apoptosis \[[@r82]\]. Fatty acids present in the CNS are composed prevalently by polyunsaturated fatty acids (PUFAs); also cardiolipin contains PUFAs in its molecular structure. It is consequential that protecting PUFAs from oxidative stress may represent a therapeutic target in neurodegenerative disorders. Interestingly, a specific isotopic modification (deuteration) of PUFAs such as linoleic acid (C18:2, n-6) and α-linolenic acid (C18:3, n-3) is able to protect PUFAs from oxidation preventing the cascade of deleterious events \[[@r83]\]. Deuteration of PUFAs has been applied in models of FA with promising results \[[@r84]\].

4. Antioxidant therapeutic approaches in cerebellar ataxias {#sec4}
===========================================================

In this section, we will provide an overview of the specific use of antioxidants in different cerebellar ataxias. Antioxidants have been used in CAs with primary deficit of antioxidant (ataxia with CoQ~10~ deficiency, AVED) and CAs with documented oxidative stress. In the first group, antioxidants represent the main approach and usually induce a more dramatic clinical response; in the second group of diseases, clinical results are less striking.

4.1. Ataxia with Primary CoQ~10~ Deficiency (ARCA2) {#sec4.1}
---------------------------------------------------

Disorders of CoQ~10~ synthesis and its regulation lead to a large spectrum of diseases, called primary CoQ~10~ deficiencies, to differentiate them from disorders where CoQ~10~ is reduced but its biosynthetic pathway is not altered \[[@r24]\], as Ataxia with oculomotor apraxia 1 (AOA1), or Anoctamine 10 (SCAR10). The majority of patients with primary CoQ~10~ deficiency have cerebellar ataxia and the most common molecular defects are mutations in *ADCK3* (*COQ8A*). The role of ADCK3 is still not completely understood. It is known that ADCK3 participates in CoQ~10~ biosynthesis regulating and stabilizing the multimeric complex responsible for CoQ~10~ synthesis. Mutations in *ADCK3* cause autosomal recessive cerebellar ataxia type 2 (ARCA2) \[[@r85]\]. ARCA2 is a rare disorder and up to date only 46 patients have been reported in the literature. Phenotypically, patients with ARCA2 have a large variability in diseases onset, ranging from infancy to late adulthood, and severity, ranging from pure ataxic forms to severe forms with central nervous system involvement with seizures and stroke-like lesions \[[@r86]\]. Considering the few individuals affected, currently no systematic clinical trials have been conducted. Since ARCA2 biochemical hallmark is the reduction of CoQ~10~ in different tissues (mainly skeletal muscle), the logical therapeutic approach is CoQ~10~ oral supplementation. Data retrieved from the literature review indicate that results on treatments are available in 26 patients \[[@r86]-[@r90]\]. Eight out of the 26 patients received idebenone (dose up to 700 mg per day): one patient showed an improvement of ataxic syndrome while the treatment was unsuccessful in the remaining 7 patients and even harmful in 2 subjects \[[@r86]\]. Supplementation of CoQ~10~ in 17 patients (dose up to 1200 mg/day) showed improvement of neurological condition in 7 of them; only two patients had to withdraw treatment because of side effects (anorexia and diarrhea) \[[@r86]\]. One patient was treated with deoxy-ubiquinone with no beneficial effect \[[@r87]\]. Therefore, it appears that CoQ~10~ should be preferred over idebenone in treating such disorder. The variability in the response to CoQ~10~ supplementation can be explained by many factors: 1) the low bioavailability of this molecule in the nervous tissue, as previously discussed \[[@r91]\], 2) the possible involvement of ADCK3 in functions other than CoQ~10~ biosynthesis regulation in the cerebellum \[[@r92]\]; 3) the possible role of CoQ~10~ deficiency in cell damage due to extra-respiratory chain function of CoQ~10~ \[[@r93], [@r94]\]; 4) the slowly progressive course of ARCA2 that requires longer follow-up to detect treatment effects \[[@r86]\]. The reduced form of CoQ~10~, ubiquinol, has shown better efficiency in treating a mouse model of CoQ~10~ encephalopathy, and it may represent a promising future approach for this disorder \[[@r95]\] (Table **[1](#T1){ref-type="table"}**).

4.2. Ataxia with Vitamin E Deficiency {#sec4.2}
-------------------------------------

Ataxia with vitamin E deficiency (AVED) is a rare autosomal recessive disorder due to mutation in the α-tocopherol transfer protein (TTP). TTP is mainly expressed in the liver and facilitates vitamin E transport into the plasma. Loss of TTP function causes severe reduction of plasma vitamin E leading to a Friederich-like hereditary cerebellar ataxia with deep sensory loss, pyramidal tract involvement, and retinitis \[[@r96]\]. Patients with AVED rarely present with intellectual decline, and may manifest arm or cervical dystonia \[[@r70]\]. Treatment of choice is supplementation with high dose vitamin E. Restoring vitamin E plasma levels produces a dramatic clinical response; treatment started in early stages is able to reverse ataxia. It has also been recently reported that vitamin E supplementation in pre-symptomatic individuals is able to prevent disease manifestations \[[@r97]\]. Treatment with vitamin E is safe. Recommended doses range from 800 mg to 1500 mg per day or 40 mg/kg of body weight in children, and plasma levels of Vitamin E should be checked every 6 months. Particular care should be taken in handling plasma samples to avoid that oxidation of vitamin E can alter test results.

4.3. Friederich Ataxia {#sec4.3}
----------------------

Friederich Ataxia (FA) is a rare autosomal recessive disorder characterized by ataxia associated with cardiac dysfunction. Although a rare disease, FA is the most common cause of autosomal recessive cerebellar ataxia with a prevalence of 1/50,000 in the European population \[[@r98]\]. The disease is progressive, leading to the loss of ambulation at young age (late teens) and death most commonly occurs for heart failure. The disease is caused by the reduction of the protein frataxin that is located in the mitochondria and regulates the influx of iron as well as sulfide production \[[@r99]\]. Reduction in frataxin levels leads to loss of Fe-S clusters of the mitochondrial respiratory chain complexes leading to mitochondrial dysfunction, reduced ATP production and increased oxidative damage \[[@r100]\]. Considering the pathophysiology of this disease, different antioxidant treatments have been tested in patients with FA. The main antioxidants used in FA are idebenone and CoQ~10~. Studies on these drugs have been conducted since the early 1990s. Three main trials have been published with at least 12 months follow up; two of these trials compared idebenone to placebo \[[@r101], [@r102]\] and one compared high dose CoQ~10~ to a regimen of low dose CoQ~10~ and vitamin E considered as placebo \[[@r103]\]. Main outcome measures were neurological and cardiac functions. Progression of ataxia was monitored by specific scores (International Cooperative Ataxia Rating Scale, ICARS), and no changes were detected after treatment. Ejection fraction, fractional shortening, and intraventricular-septal thickness were evaluated as markers of cardiac function but the results were discordant among studies and lacked of statistical significance. Promising data were obtained on the reduction of overall cardiac mass in patients treated with idebenone, but considering the complexity of myocardial involvement in FA, more studies are needed to confirm these findings \[[@r104]\]. Idebenone has been used in phase III trials in other short-term follow-up studies with no improvement on the neurologic status and heart function \[[@r105]\]. Other antioxidants have been used in FA patients although in smaller cohorts. For instance, A0001 has been administered for 4 weeks in 31 patients with FA showing positive effects on the neurological outcome measures \[[@r47]\].

4.4. Spinocerebellar Ataxias {#sec4.4}
----------------------------

Spinocerebellar ataxias (SCAs) are a group of heterogeneous autosomal dominant progressive cerebellar ataxias, manifesting as gate unsteadiness, dysarthria, and loss of hand agility. The historical term "SCA" was first used in the 50s and up to date 40 SCAs have been identified and numbered in order of discovery \[[@r106]\]. The cerebellar phenotype is often associated with complex multisystemic neurological deficits, such as cognitive impairment, ophthalmoparesis, and pyramidal and extrapyramidal signs. Atrophy of cerebellum and brainstem is a characteristic feature of SCAs, and the involvement of other brain structures accounts for the clinical heterogeneity of these disorders. Onset of symptoms is usually during the third or fourth decade of life, although onset in childhood or late adulthood has also been described.

Association with more than 30 genes/loci has been so far described in these disorders and mutations can be classified in expansions of coding CAG repeats (polyglutamine expansion SCAs), expansions of non-coding regions (non-coding-expansion SCAs), and point mutations. Phenotypic variability exists not only among patients with different disease-causing genes, but also among patients with mutations in the same gene \[[@r107]\]. The phenotypic and genetic heterogeneity of these disorders represents a challenge to the development of a therapy, and no specific treatment can currently prevent, delay, or reverse the phenotype of SCAs. AOs have been recently proposed as a therapeutic option in SCAs. R.Y. Lo and colleagues studied the longitudinal effects of CoQ~10~ and Vitamin E, among over candidate drugs, in a cohort of patients with the most common types of SCAs (SCA1, 2, 3, and 6) \[[@r108]\]. The severity of the ataxia was assessed for 2 years using the Scale for Assessment and Rating of Ataxia (SARA) scores as primary outcome. The authors found that CoQ~10~ exposure was associated with better clinical status in SCA1 and SCA3 at baseline, but did not modify the disease progression during the 2 years of follow-up, concluding that a clinical trial is needed to better determine the effect of CoQ~10~ in patients with SCAs. Interestingly, mitochondrial alterations have been lately described in a SCA1 mouse model \[[@r109]\]. The administration of oral MitoQ was able to restore mitochondrial function in older symptomatic mice, and slowed down the development of disease progression in younger mice before mitochondrial deficits appeared. Remarkably, Purkinje cells degeneration, a hallmark of the disease also in humans, was reduced.

4.5. Ataxia Teleangectasia {#sec4.5}
--------------------------

Ataxia Teleangectasia (AT) is an autosomal recessive disorder due to mutations in ATM gene \[[@r110]\]. From a clinical point of view, this disorder is characterized by neurodegeneration with progressive cerebellar ataxia, oculo-cutaneous telangiectasia, immunodeficiency, premature aging, and an increased predisposition to malignancies. ATM belongs to a family of large proteins involved in cell-cycle control and cellular responses to DNA damage maintenance. AT cells are particularly prone to apoptosis, especially naive T cells and Purkinje cells. Although the exact mechanism behind apoptotic cell death in AT is still poorly understood, it has been demonstrated both *in vitro* and in animal models that ATM deficient cells are particularly sensitive to ROS damage \[[@r111]\]. The mechanisms behind the increased ROS sensitivity in ATM deficient organisms are various, and range from lack of an efficient ROS protection response \[[@r112]\] to mitochondrial respiratory chain dysfunction \[[@r113]\]. Oxidative stress has been also described in patients with AT, as demonstrated by the presence of different markers of oxidative damage as well as the reduction of some non-enzymatic antioxidant in blood \[[@r114], [@r115]\]. Different antioxidant treatments (*e.g*. NAC) have been evaluated in AT murine model with promising results, such as a reduced rate of tumorigenesis and increased lifespan \[[@r116]\]. Despite the promising preclinical data, to date no systematic clinical trial has been conducted to analyze the effect of antioxidants in AT patients \[[@r111]\].

4.6. Ataxia with Oculomotor Apraxia Type 1 {#sec4.6}
------------------------------------------

Ataxia with oculomotor apraxia type (AOA1) is an autosomal recessive disorder characterized by early onset cerebellar ataxia, oculomotor apraxia, and peripheral neuropathy due to mutation in the *APTX* gene, which encodes aprataxin, a protein involved in DNA single-strand break repair \[[@r117]-[@r119]\]. Impaired oxidative stress response has been widely demonstrated in a large portion of AOA1 patients \[[@r120]\]. In particular, a moderate reduction of CoQ~10~ levels has been identified both in muscle and in primary fibroblasts derived from AOA1 patients \[[@r26], [@r121]\]. Recent data suggest that aprataxin plays a direct role in regulation of mitochondrial function \[[@r122]\] and in regulation of CoQ~10~ biosynthetic genes transcription \[[@r123]\]. CoQ~10~ supplementation has been used in few AOA1 patients and seems to be associated with some degree of clinical efficacy especially on subjective outcomes, such as overall energy levels, and on the frequency of the epileptic seizures \[[@r123]\]. A phase III clinical trial on CoQ~10~ in AOA1 patients is currently recruiting and is expected  to be completed by September 2017 (ClinicalTrials.gov NCT02333305).

4.7. Multiple System Atrophy {#sec4.7}
----------------------------

Multiple System Atrophy (MSA) is a rare and fatal neurodegenerative disorder, characterized by parkinsonism, cerebellar impairment, and autonomic dysfunction \[[@r124]\]. MSA, together with PD and dementia with Lewy bodies, has as a neuropathological hallmark the build-up of synuclein in the brain. It is still debated if the cytoplasmatic glial accumulation of alpha-synuclein is the primary cause of the diseases or rather a result of neural degeneration \[[@r125]\]. Oxidative stress and mitochondrial dysfunction seem to play a role in MSA pathogenesis \[[@r126]\]. The genetic cause of MSA is not known yet, but mutations in *COQ2*, encoding the second enzyme of CoQ~10~ biosynthesis, have been reported in patients with familiar MSA \[[@r127]\]. Although at the moment the data on the association between *COQ2* genetic variants and MSA are conflicting \[[@r128], [@r129]\], post-mortem studies showed reduced CoQ~10~ levels in brains of MSA patients without mutations in *COQ2* \[[@r27], [@r28]\], confirming the role of CoQ~10~ deficiency in MSA \[[@r27]\]. Moreover, reduced levels of plasma CoQ~10~ have been found in patients with MSA \[[@r130]\]. Since no disease modifying therapies are currently available for MSA patients, drugs targeting oxidative stress, and in particular CoQ~10~ synthesis, could be an interesting field of investigation.

Conclusion
==========

Cerebellar ataxias are a very heterogeneous group of neurodegenerative disorders from a clinical and genetic point of view. The mechanisms leading to cerebellar degeneration are still not completely unraveled, but oxidative stress seems to be an important actor playing a primary role in cellular damage in some CAs, and contributing to the pathology development in others. Therefore, free radical production and oxidative stress have been a privileged therapeutic target in CAs, although results in clinical setting are mainly anecdotal and the few clinical trials were inconclusive \[[@r50]\]. As widely discussed in this review, different complications burden the development of an antioxidant therapy and the correct evaluation of its efficacy. Among the hardest challenges is the ability to deliver antioxidant compounds to the site of free radical production; the "ideal" drug should cross the blood-brain barrier and different cellular membranes to reach the mitochondrial matrix. Moreover, since neurons are stable cells, timing of therapy initiation is crucial. Unfortunately, for the majority of CAs, treatment is started when the symptoms are already present and cellular damage is at an advanced stage, thus limiting the benefits.

Many compounds with promising preclinical properties are currently in the development pipeline, and great effort must be dedicated in designing good phase III clinical trials with sensitive outcome measures apt to detect clinical changes in these rare, slowly progressive, long-course disorders.
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![**Schematic representation of oxidative stress production and role of main antioxidant compounds used in cerebellar ataxia treatment.** H^+^, Protons; e-, Electron; I, Complex I; II, Complex II; III, Complex III; IV, Complex IV; CoQ~10~, Coenzyme Q10; CyC, Cytochrome C; NOQ1, NAD(P)H:quinone acceptor oxidoreductase 1; NAC, N-Acetylcysteine; GSH/GSSG, Reduced/oxidized Glutathione; N/O, Nitrogen/Oxigen; RNS/ROS, Reactive Nitrogen Species/Reative Oxigen Species. (*The color version of the figure is available in the electronic copy of the article*).](CN-17-21_F1){#F1}

###### 

Summary of antioxidants clinical trials on cerebellar ataxias.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Disease**      **Drug**           **Dosage**                               **Outcome/Status**                                                                                                 **Refs.**
  ---------------- ------------------ ---------------------------------------- ------------------------------------------------------------------------------------------------------------------ -------------------
  ARCA2            Idebenone          up to 700 mg/day                         Beneficial in 1/8; unsuccessful in 7/8 (deleterious in 2/7)                                                        \[[@r86]-[@r90]\]

  \-               CoQ~10~            up to 1200 mg/day                        Beneficial in 7/17; unsuccessful in 9/17 (deleterious in 2/17)                                                     \[[@r86]-[@r90]\]

  \-               Deoxy-ubiquinone   1000 mg/day                              1/1 unsuccessful                                                                                                   \[[@r87]\]

  AVED             VitE               800-1500 mg/day                          Effective (SOC)                                                                                                    \[[@r97]\]

  FA               Idebenone          180-2250mg/day                           No changes in primary outcomes; unclear results in secondary outcomes                                              \[[@r104]\]

  \-               CoQ~10~ and VitE   CoQ10 600 mg/day plus VitE 2100 IU/day   No changes in primary outcomes; unclear results in secondary outcomes                                              \[[@r104]\]

  \-               A0001              1 g/day or 1.5 g/day                     Positive effects on neurological outcome measures                                                                  NCT01035671

  \-               EPI743             200mg/day or 400 mg/day                  Phase 2 clinical trial completed, but data not available                                                           NCT01728064

  SCA\             CoQ~10~            100-2400 mg/day                          SCA1 and 3: better clinical outcome at baseline, but no changes in disease progression; SCA2 and 6: unsuccessful   \[[@r108]\]
  (SCA1, 2, 3,6)                                                                                                                                                                                  

  \-               Vitamin E          unknown                                  Unsuccessful                                                                                                       \[[@r108]\]

  AOA1             CoQ~10~            200-3000 mg/day                          Beneficial in increasing energy level and reducing frequency of seizures in anecdotal cases                        \[[@r123]\]

  \-               CoQ~10~            150 mg/day or 300 mg/day                 Phase 3 clinical trial currently recruiting                                                                        NCT0233305
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** ARCA2: Autosomal Recessive Cerebellar Ataxia type 2; CoQ~10~: Coenzyme Q~10~; AVED: Ataxia with Vitamin E Deficiency; VitE: Vitamin E; SOC: Standard of Care; FA: Friedreich's Ataxia; SCA: SpinoCerebellar Ataxia; AOA1: Ataxia with Oculomotor Apraxia type 1.
